Transportation Centers established in 1987 by the U.S. Congress. These Centers were established with the recognition that transportation plays a key role in the nation's economy and the quality of life of its citizens. University faculty members provide a critical link in resolving our national and regional transportation problems while training the professionals who address our transportation systems and their customers on a daily basis.
INTRODUCTION
Sustainability and livability in transportation, as the concepts referring to the capability of transportation systems to maintain the well being of our society, have been widely accepted as the critical principles to improve quality of life and public health. Different from the traditional objectives that emphasize short-term effects of planning and operation decisions, sustainability and livability emphasize the productiveness and efficiency of transportation systems over time, and pay special attention on the linkages of transportation to economic competitiveness, environmental protection, and social equity. As the recognition of this unique feature, the recent years have witnessed growing interest in incorporating sustainability and livability goals into transportation policy and decision making. For example, countries like the United Kingdom, Sweden, and Canada have been adopting sustainability policies for nearly two decades, to reinforce the positive impact of transportation projects on social and economic development (1, 2, 3, 4) . As a follower, the U.S. has developed a couple of guidebooks to address critical issues involved in planning and developing sustainable transportation systems and livable communities (4, 5) .
Although a number of principles and guidelines have been suggested, they are often found too ambiguous to be used for decision making processes due to the following issues. The first issue is the lack of performance measures (PMs) to translate abstract principles to quantitative metrics. The state of the practice is still lingering at the stage of developing guidelines and descriptive measures rather than offering technical details regarding how to quantitatively monitor the progress of policies and projects (4, 5, 6) . Among the limited studies of exploring PMs, the majority of the suggested PMs fall into the narrow range of transportation service related indicators, and do not show the big picture in the social, economic and environmental contexts (7, 8) . Moreover, little attention is paid on the freight transportation related measures on the monitoring of transportation performance changes over time.
Another issue is related to the unavailability of data fusion engines in supporting of such comprehensive assessments. Sustainability and livability focus on the health of transportation systems within a broad context of social, economic and environmental development. Thus, intensive data collection is needed to cover these aspects. Since sustainability and livability are comparative concepts that may vary by scales of areas (e.g., across neighborhoods, regions and states) and time frames (short term versus long run, current generation versus future generations), how to process and update data in spatial and temporal dimensions is another challenge to deal with. As the state of the art, the knowledge is still missing about what types of data should be collected and from which sources they can be found; not mentioning how these data can be processed by space and over time. As the consequence of the aforementioned issues, no such a comprehensive performance measurement system is available, which has the capability of integrating various PMs with relevant data for sustainability and livability oriented decision making.
These issues point out to the genuine need for developing such comprehensive performance measurement systems. As a step to fulfill this need, this research conducted a review to identify relevant data sources and performance measures. By using City of Buffalo in New York State as a case study, this paper demonstrates the process and findings gained from building a GIS-based performance measurement system. As an essential goal, the PMs, supporting database, case study and implications produced by the research are expected to help a wide range of audience such as policy makers, planners and transportation engineers to gain more insights about the PM system development.
This report is organized in the following manner. The second section reviews the sustainability and livability related research. The third section introduces the study area and the data. The fourth section presents the performance measures developed. The fifth section discusses the challenges and opportunities in developing the PM systems. At the end, a summary of the research findings is offered to conclude the research.
RESEARCH OBJECTIVES
The objectives of the proposed research are to: 1) Recommend an effective and efficient set of PMs that will help New York State to track the performance of transportation systems under the goals of enhancing quality of life and economic, environmental and social sustainability of our society; 2) Archive, fuse, organize and analyze relevant data streams in support of the calculation of PMs; and 3) Suggest additional data sources and data-oriented prediction methods for sustainability and livability measurement practices The PMs, supporting database, case studies and implications produced by this research are expected to help a wide range of audience such as policy makers, planners and transportation engineers to incorporate sustainability and livability objectives into planning and operation practices in New York State.
This report is divided into two parts reflecting the afore-mentioned three objectives of the study. The first part describes the development of the GIS-based performance measurement system for assessing the role of a transportation system in supporting sustainability and livability goals, using the City of Buffalo as a study case. The second part, on the other hand, discusses the importance of land use information in the sustainability and livability measurement and the land use prediction methods that update land use in a timely fashion by taking advantage of remote sensing data.
PART I: DEVELOPMENT OF THE GIS-BASED PERFORMANCE MEASUREMENT SYSTEM

Literature Review
Sustainability and Livability
The concepts of sustainability and livability have been discussed in many research and review articles (9, 10, 3, 4, 11, 12, 13) . The following is the authors' summary from a state of the art review. Sustainability and livability are two development goals to be achieved for fostering the long-term well-being of our communities and societies. Sustainability is a broad concept that refers to the capability of biological systems to support and adapt to the changing needs of members living in different places in different times. It emphasizes the long-term health and the harmony of three main goals of human activities such as economic competitiveness, environmental protection and social equity. As an organizing principle, sustainable development denotes coordinated decision making and actions that efficiently allocate resources to meet the current generation's needs without compromising the quality of life and needs of future generations.
Livability refers to the general well-being of communities and neighborhoods. Different from sustainability, it emphasizes how people feel about their living environments and the role of communities and neighborhoods in supporting human activities. It is narrower in scope and is more subjective since it is conceptually linked with people's opinions towards quality of life, standards of living, happiness, human rights, equity and so on. More specifically, a livable neighborhood should follow at least six principles as defined by FHWA (4), including: 1) provide more transportation choices; 2) promote equitable, affordable housing; 3) enhance economic competitiveness; 4) support existing communities, 5) coordinate policies and leverage investment, and 6) value communities and neighborhoods.
Sustainability and livability deviate from the economic goals used by conventional economics in terms of decision making rules, evaluation measures and measurement units. As shown in Table 1 , the economic goals used in conventional economics, such as economic or cost efficiency, are to maximize the production and/or consumption generated by a project or system under the constraint of resource availability. Since the decision making only considers the current time span, there are less control on the resource limit and less consideration on the resource conservation for the future generations. In addition, both objectives and constraints are valued by financial capital or monetary values while the nonmonetary capitals are excluded in general.
On the contrary, sustainability emphasizes resource conservation. If formulated as an optimization problem, it is to minimize the resource consumption under the constraint of meeting the needs for both the current and the future generations. In addition to financial capital, it also considers natural and social capitals. Due to the involvement of nonmonetary capitals such as natural and social capitals, non-monetary value units or converted monetary value unit are used for assessment. As for livability, it is to maximize people's perceptions about the well-being of the communities or neighborhoods they live, given the limited resources available. Both wellbeing and resources can be measured as the combination of multiple capitals such as financial, natural and social capitals. Different from sustainability, livability emphasizes more on natural and social capitals. As mentioned before, it is more community or neighborhood oriented and more subjective. As the recognition of the critical role of transportation systems in supporting the sustainability and livability of our society, many transportation and planning agencies have started to incorporate these principles to transportation related decision making. As they aim at, transportation decisions should be made across the organizational and disciplinary boundaries to promote and support sustainability and livability of broader systems. As defined in the Transportation Planning for Sustainability Guidebook published by the Federal Highway Administration (FHWA) (13) , sustainable transportation refers to "transportation that contributes to the sustainable development of the community that owns and uses the system". Specifically, sustainable transportation is "safe, high quality, and accessible to all; ecologically sound; economical; and a positive contributor to regional development" (3) . As for livability in transportation, a frequently cited definition is by the former Secretary of Transportation Ray LaHood: "Livability means being able to take your kids to school, go to work, see a doctor, drop by the grocery or post office, go out to dinner and a movie, and play with your kids at the parkall without having to get in your car." In other words, livability in the context of transportation means mobility, connectivity, accessibility and multiple choices of modes that support people's daily activities.
Performance Measures
Performance measures (PMs) refers to criteria and metrics that quantify the progress of systems or projects toward specific goals or objectives (11) . As for sustainability and livability, the relevant PMs are a collective set of measures that clearly indicate the efficiency and effectiveness of a development plan or project in achieving the two goals. PMs are mainly used for description, evaluation, accountability, decision support and communication (11) . Some representative studies are reviewed as below.
As for an important component of sustainable development, Miller (14) summarized 45 performance measures used by 25 states in the U.S. for the purpose of assessing transportation and land use coordination. These PMs were classified under seven goals, including: (1) increased transportation options; (2) increased transportation accessibility; (3) improved quality of existing transport options; (4) improved public services or economic growth; (5) protects or manages corridors; (6) aligns state and local efforts; and (7) reduced land consumption. As found from the state DOT based surveys, a majority of the 25 responding states did not explicitly measure transportation land use coordination at the state level. The active PMs are often those that rely on the data traditionally collected by states.
NCHRP Report 708 A Guidebook for Sustainability Performance Measures for State Department of Transportation and Other Transportation
Agencies developed a comprehensive sustainability PM framework for guiding decision makings at different levels (11) . According to the procedure suggested, PMs should be selected based on decision making goals, focus areas, and specific objectives. There are 11 goals suggested for the top level of PM selection, including safety, basic accessibility, equity/equal mobility, system efficiency, security, prosperity, economic viability, ecosystems, waste generation, resource consumption, and emission and air quality. Under each goal, six focus areas were suggested, among which are planning, programming, project development, construction, maintenance and system operations. Multiple specific objectives are defined for each focus area, under which potential PMs are listed. As indicated by the report, the data availability and the benefits are the main factors that determine the selection and usage of PMs. Litman (9) conducted a comprehensive review about the evaluation procedures, performance indicators, data sources and examples of various agencies worldwide in assessing sustainable and livable transportation planning. As suggested, assessing sustainability and livability in transportation planning should begin by defining goals, objectives, targets, and outcomes. As found from the PM related reviews, most of agencies tended to group PMs under three dimensions, namely economic, environmental and social values. Standardizing transportation data collection practices is recommended as an important step to enhance the data availability and quality so that both the convenience and comprehensiveness of performance measurement can be achieved.
Research Approach
As shown in Figure 1 , the GIS-based performance measurement system is composed of an evaluation database, the sustainability and livability related PMs, and a GIS interface that offers the PM reporting and demonstration. The system has the following features to support decision making. First of all, it concerns multiple dimensions of sustainability objectives such as economic, environmental, social, spatial, and temporal in the context of transportation. Second, it consolidated various data sources, such as transportation, census, land use, environmental, economic data, to form the input database for the PM development. Third, it offers the reporting and visualization functions of PMs on the maps that help reveal changes and communicate ideas. 
Study Case and Data
City of Buffalo, New York is selected as the study case to develop a sustainability and livability performance measurement system. The main reason for the selection is that there is more information available for exploring PMs because of the long-term collaborations between University at Buffalo, the State University of New York and the local metropolitan planning organization -the Greater Buffalo-Niagara Regional Transportation Council (GBNRTC). Another reason for the selection is the importance of the City of Buffalo. Buffalo is the second most populous city in the state of New York, after New York City. Located in Western New York on the eastern shores of Lake Erie and at the head of the Niagara River across from Fort Erie, Ontario, Canada, Buffalo is the seat of Erie County and the principal city of the BuffaloNiagara Falls metropolitan area, the largest in Upstate New York. Buffalo itself has a population It needs to be noted that the performance measurement system was built with respect to the whole system, rather than a specific project. Our initial thinking was to select a transportation plan or a system-wide project as the measurement subject. However, collecting the project specific data, particularly the before and after data, became a major obstacle. In this context, the performance measurement was performed for the entire City of Buffalo to assess the overall performance of the system.
Various data were collected and fused to build an input database. These data include: (1) transportation data such as traffic counts, travel costs, delays, travel speeds, travel itinerary survey data and mode share collected in different years since 2000; (2) It needs to mention that remote sensing data is a very important component of the input database. They are more frequently updated than the typical land use maps and geographical information. In addition, they can provide land use information in detailed resolutions such as at the parcel level if being processed by advanced remote sensing techniques and analysis. They also provide transportation related information, particularly for transportation network distributions, densities and so on (16, 17) .
Two types of remote sensing data have been explored in this study, including digital Ortho-imagery data and airborne LIDAR data. The Digital Orthoimagery data can be acquired through a free download from the New York State GIS clearing house at http://www.nysgis.state.ny.us/. A high density two-return airborne LiDAR data for ERIE County in 2009 has been obtained from the Federal Emergency Management Agency. Eventually, we decided to use the Digital Orthoimagery data because of the higher resolution it provides.
The inconsistency in the geographical and temporal scales has been the major challenge we dealt with during the data processing. Since the data were collected from different sources with different types, they are available at different geographical scales with different spatial boundaries. For example, the travel itinerary survey data were collected at the traffic analysis zone (TAZ) level while the demographic information such as population and employment are available at the census block or census tract level. As for the tax map, the tax related information is available ata more refined resolution, i.e., at the parcel level. Since these geographic units are defined for different purposes, their spatial boundaries are not mutually inclusive, which raised questions such as which geographical scale to be chosen for the data merging purpose and how to translate them from one scale to another. In addition, the data were collected in different years.
We have the travel itinerary survey data collected in year 2000 while the parcel-level tax map and the census information are available for year 2010.
After carefully examining all the data, we decided to choose the census tract as the geographic unit of analysis and year 2010 as the year of analysis, without losing any significant data. All the data have been converted correspondingly to ensure the consistency of analysis.
Performance Measure Generation and Analysis
PM Generation
The literature search provides a long list of candidate PMs that can be used. In this context, the fundamental questions that need to be addressed are: 1) which measures should be generated given the data availability; and 2) among these PMs, which ones are the most effective in assessing sustainability and livability in transportation. The answers to the former are mainly constrained by the data while the latter is to suggest the core set of PMs given the usage and correlations among them.
In addition to the abovementioned research questions, the subject of assessment and the spatial and temporal resolution of analysis should also be configured to help the selection and the calculation of the PMs. It needs to note that the main purposes for building such a PM system are to assess the existing the conditions and to identify the problems and barriers for the entire system (or the entire study area). It's different from the project-oriented performance measurement and thus does not have a specific project focus area (such as planning, project development, or construction) and objectives (e.g., to enhance traffic safety) as suggested by NCHRP Report 708 (11) . In this context, the system wide PMs, particularly the ones related to land use and transportation coordination and transportation networks, have been emphasized. In terms of the spatial resolution, as mentioned in the data description section, census tract was selected as the analysis scale since it is the finest scale at which all the data are available. In this context, the PMs calculated at the finer scales (such as at the parcel level or TAZ level) were all aggregated, analyzed and compared at the census tract level. As for the temporal scale, year 2010 was selected as the baseline year for the analysis. In summary, the PM analysis was conducted for the system wide evaluation purposes at the census tract level given the information of the base year 2010.
Twenty PMs were generated at the census tract level, given the transportation, land use and demographic data available for the area (see TABLE 2 ). These variables are the seventeen census tract based measures such as transportation, land use, and living condition related attributes, and the three system-wide indices obtained from the Texas A&M Transportation Institute Annual Urban Mobility Report (18) . In the group of transportation attributes, at least one measure was generated for each modal network. Among the roadway network related attributes are street density and intersection density. Transit stop density and transit service frequency are selected to represent the level of service of the transit network. As for the bicycle network, a popular index, called the bike land completeness index, is used to indicate the coverage and serviceability of bike lanes.
There are eight land use attributes generated to assess the characteristics of land use such as density, diversity, and destination accessibility. The population density was calculated for each census tract to identify the areas with high population concentration. Multiple diversity indices were also created, including the population employment mix index, land use balance measure, the ratios of different service lands to residential, and the percent of single-family or two-family residential. Job accessibility is used to represent the accessibility to job-end destinations. These land use related attributes explain how lands, as the main generators of human activities and travel demand, are spatially distributed. Therefore, they are important inputs to understanding land use patterns, travel demand generation, the land use and transportation coordination.
Livability measures were found to be the most difficult to obtain due to the subjective "nature" of them and the lack of relevant survey data. Given the restriction, we generated three living condition related attributes, hoping that they may partially reflect the livability of an area. They are the per capita income, the unemployment rate, and the health insurance coverage rate of a census tract. The per capita income represents the available financial resource and the spending power of a person. The unemployment rate is correlated to poverty level, economic recession, and simply unhappiness of being in a neighborhood. Health insurance coverage rate, on the other hand, has been suggested as an important indicator of the healthy lifestyles by many livable city or neighborhood ranking studies. These three attributes, combined, measure the availability of essential resources for maintaining social wellness.
In addition to the seventeen census tract specific PMs, three system-wide indices were obtained from the Texas A&M Transportation Institute Annual Urban Mobility Report (18) , including the travel time index denoting the ratio of peak-hour travel time to the free-flow travel time, the total congestion cost in dollars, and the CO2 emission per commuter estimated from travel delays (TABLE 3) . They will be discussed in the following section. 
PM Interpretation
The census tract specific PMs are illustrated by using the GIS maps in FIGURE 2 through FIGURE 4. In terms of the transportation supply, the City has a roadway network that provides a good coverage according to Figure 1 .a. The central area on the east side of the downtown (marked by a star) is the best in roadway density while the two census tracts located in the south of the downtown are the worse, although the density level is still acceptable. The transit stop density map shares the similar pattern, with the highest concentration in the central area and the lowest in the south. In contrast, the bicycle network offers a very poor coverage. The complete bike lanes have a low average coverage rate of 18.1% for the entire City. More than 70% of the 79 census tracts have lower than 20% coverage while three census tracts even have near-zero complete bike lanes. This imbalanced supply of different modal networks causes the dominance of autos in the transportation system.
The spatial distribution patterns of land use are demonstrated by the land use related PMs in FIGURE 3. The population density map (Figure 2 .a) and the job accessibility map (Figure 2.b) share the similar pattern of the high concentration (or value) in the northern part and the central area of the City. The central area near the downtown has been losing population and job opportunities in the last two decades. Some of the population and job opportunities have been relocated to the outer core area such as the northern part. This is why these outer core census tracts gain higher population density and job accessibility than the central downtown. The land use balance map shows how different land use types are spatially mixed in a census tract (Figure  2.c) . Conceptually, the value should range between zero and one. The higher the value, the more balanced or the better mixed the various land types are. The low average values in the City (less than 0.33) indicate the imbalanced land use or the dominance of single land use in neighborhoods. As for individual census tracts specifically, the large parcels in the south of the downtown and several ones in the far north are slightly better, followed by the ones in the central area. This single-land-use development pattern causes the spatial separation of residential areas from commercial land and others, which, furthermore, explain the area's high dependency on autos.
A joint view of these PM maps points out a distinctive area that deserves special attention (marked by a red boundary on the maps). On one hand, blessed by the densely located street blocks and bus stops, the neighborhoods in this area have very good accessibility to retail stores, schools and sidewalks, and are more likely to be walking or bicycle friendly. On the other hand, their population densities and job accessibilities are disproportionally low, leading to the questions of why. This area, as the old neighborhoods of City of Buffalo, was planned and developed in a neo-traditional fashion that embraces dense street blocks and mixed land use. However, due to the economic recession and many other historical reasons, the area has been losing population and job opportunities to the outer core of the City or suburban areas. This is also the area that separates the rich neighborhoods in the northwestern part of the City from the low-income neighborhoods in the east, as confirmed by the per capita income map (Figure 3.a) and the unemployment rate map (Figure 3.b) . Since this area is between, it is mixed with lowincome and medium-income households. Therefore, the average income values are low and the unemployment rates are high. It needs to note that the percent of insured residents in the City is high in general, with the lowest value of 78.5% and the highest as 99.7% (Figure 3.c) .
Three system-wide performance measures were obtained for year 2006 through 2011 to assess the changes in congestion level and the transportation related CO2 emissions. There was a significant improvement on transportation performance in year 2008, which brought down the travel time index to 1.15 (denoting 1.15 times of the free-flow speed), CO2 per commuter to 286 pounds, and the total congestion cost to $450 million. The values rose a bit in 2009 and remained the same since then.
These PMs, combined, provide some insights regarding the sustainability and livability of the City. Green transportation modes, such as bicycles, are discouraged in the City due to the poor bike lane network offered. The dominance of single-land-use neighborhoods causes the spatial separations of residential land from others, and thus contributes additionally to the low accessibility to green modes (such as walking and bicycling) and the high dependence on autos. In addition, some traditional neighborhoods, which are well planned and designed in terms of land use mix and transportation accessibility, are losing population and jobs to more single-landuse areas. This will lead to longer travel distances, higher dependency on autos, and more transportation pollution issues. Moreover, a spatial separation of low-income and high-income neighborhoods is witnessed in the City, which has been and will continuously be causing social equity related problems.
These findings lead to the following policy implications. First, revitalization of the central downtown area, particularly the area marked on the map, is needed to attract residents and jobs back to take advantages of the nicely planned and smartly built environment in these communities. The gained jobs and increased income in the area are expected to impose positive impact on the adjacent low-income community on its right hand side as well. The improvement plan on sidewalks and bike lanes should also be developed to encourage the use of green modes such as bikes and walking. 
Challenges and Opportunities in Developing PMs
The following lessons are learnt from the process of developing the GIS-based sustainability and livability performance measurement system.
The availability of good data is always the first concern. PMs are quantitative measures that require large and diverse data as the input. For sustainability and livability in particular, since they are broad goals that cover all the economic, environmental and social aspects over space and by time, a large database with sufficient and diverse information is needed to develop desired PMs. Among the data that are found particularly difficult to collect are temporal data that help track the changing patterns of traffic conditions and land use. Taking the land use distribution pattern as an example, we initially planned to collect multi-year land use data to monitor the changing patterns of land use. Unfortunately, we only got access to the land use data of 2010, which leaves the temporal analysis and related PM development impossible.
Data collection and processing is a heavy burden. Even when the data are available, it requires collaborative efforts to obtain them and dedicated time to mine them. For our case, we contacted multiple transportation agencies (local, regional, state, and even national) to acquire data. Due to the issues such as no electronic version, no response, no dedicated staff, or simply confidentiality, many data could not be obtained. Even for the collected data, it took a lot of time to clean and process. Moreover, it is not easy to agree on which geographical scale and temporal resolution the data should be merged to and analyzed on.
Whether this type of performance measurement is suitable for project-based evaluation is a big argument. Conceptually, any transportation project can be evaluated under the sustainability and livability goals. The reality, however, is that it is very difficult to track and distinguish the effects of a project from the effects of others under such a big umbrella of sustainability and livability. It is achievable but requiring dedicated effort and additional work on developing project-specific PMs. Therefore, for our case study, we eventually selected the whole system as an assessment subject.
PM selection and generation are not straightforward as they look like. PMs are objective specific. Therefore, clarifying on the specific assessment objectives is the prerequisite to PM selection. As suggested by the NCHRP Report 708 (11), the decision making goals, focus areas and specific objectives should be clearly defined before PMs can be appropriately selected. In addition, the PM generation is restricted by the type of input data. The more data needed, the less likely a PM can be created. These types of PMs often happen to be significant ones since it is related to multiple characteristics or features of a system. PM interpretation should be performed or facilitated by professionals or experts who know the system very well. Strong expertise is always needed to interpret the results. To collect the insights, we have sent the PM results to the local metropolitan planning organization and transportation agencies to dig out more insights.
We also identify several opportunities in developing such performance measurement system. In terms of data collection techniques, remote sensing can be used as a reliable source to collect land use information. It can provide land use information at detailed resolutions such as at the parcel or tax lot level if being processed by advanced remote sensing techniques. It can also collect transportation related information such as transportation network distribution. In terms of the PM demonstration, we see great benefits from developing a web-based GIS system to facilitate the customized PM selection and demonstration. We are developing such a system for City of Buffalo, using it as a platform of data consolidation and PM demonstration.
PART II: LAND USE CLASSIFICATION WITH REMOTE SENSING
Rational of Conducting Land Use Classification with Remote Sensing
Land use information is found to be a critical input to develop the sustainability and livability performance measures. Knowledge of the distribution and conditions of residential, commercial, and recreational land among others, as well as information on their changing proportions, is critical to legislation, population and employment estimation, land use and transportation planning, travel demand forecasting, environmental quality assessment, and social equity research. However, the information is often outdated, particularly on the finest parcel or tax lot scale, due to the long lag of the survey-based reporting processes. For example, the transportation agencies in the Chicago metropolitan area are still relying on the 2005 parcel-level land use data for decision making. The updated 2010 parcel-level inventory won't be available until late 2014. The outdated information will cause the inaccurate forecasting of land use and travel demand changes, and thus hamper effective planning and decision making, particularly for fast growing areas.
Remote sensing data has been introduced to fill the gap more from the viewpoint of geographic science and image processing. Most of these studies are done by considering the spectral features mined from remote sensing data and ancillary information such as spatial metrics, topographic features, building elevations, and housing and population densities. Transportation systems and their connections to land use are often overlooked as a potential source of complementary attributes. In addition, the possibility of using multinomial logitistic regression, or called multinomial logit (MNL) models, has been overlooked as well. MNL regression has been one of the most popular and sound approaches to estimate discrete responses or categorical outcomes in the disciplines such as econometric, psychology and engineering. It deserves its place in land use classification because of its strong theoretical basis and reliably good performance in dealing with general multiclass problems with discrete outcomes.
In this context, the second part of the research is aimed at testing the applicability of MNL models in land use classification at the finest parcel level with remote sensing data as the input. As another addition to the literature, the research also introduces transportation related attributes, such as the distances of a parcel to the nearest road or intersection, to reflect the impact of transportation systems on land use distribution. Moreover, the attributes of the neighborhood where a parcel is located are also used to provide a spatial context for land use classification. In terms of the methodology, the research is among a very few to apply the MNL approach to land use classification. The new additions in both the method and the complement attributes of transportation and neighborhood lead to the impressive prediction performance. As will be demonstrated in the case study, the average prediction accuracy for the seven land use classes is 83.7%.The accuracy level for the dominant residential parcels can be as high as 94.5%. It is impressive given the facts that the prediction was performed at the finest parcel level; and that no any background information or historical hints about land use, except the spectral features, is used for prediction.
The research and its results are deemed to be useful for both researchers and practitioners. It confirms on remote sensing as a reliable source for land use and land cover prediction in the context of transportation. For transportation planning organizations, the proposed remote sensing data mining techniques and the MNL based land use classification models can be easily adapted to perform the timely updates of land use and land cover for any regions. This adds another venue of data for land use and transportation related planning and decision making.
Literature Review
Remote sensing is an important but underused data source for transportation related research. They are more frequently updated than typical maps and geographical information. In addition, they can provide land use information at the fine parcel or tax lot level if being on high resolution and being processed by advanced image processing techniques. They can also provide transportation information such as transportation networks and pavement conditions (16, 17) .
Remote sensing techniques have been proposed to provide primary data for land use and land cover since the mid-1940s. However, the lack of adequate remote sensing data with high spatial resolutions prevented the further exploration until the seminal work of Anderson (22) who defined the hierarchical U.S. Geological Survey land-use/land-cover classification scheme. This scheme involves two sequential levels of classification, including the separation of urban areas and built-up land at the first level (e.g., land cover classes), followed by the identification of multiple discrete urban land use classes at the more detailed second level (e.g., land use classes). The second level is much more difficult to achieve since spectral features are not sufficient to discriminate various land use classes in a complex urban environment.
Following the scheme, a majority of the earlier and continuous work has been focusing on the first level classification at a high thematic resolution, which is the separation of vegetation, bare soil, water, rock, and built-up land cover classes. Various classification methods have been proposed, which can be categorized to parametric and non-parametric methods. Among the parametric methods are the maximum likelihood classifiers (23) and linear discriminant function classifiers (24, 25) . On the track of the nonparametric approaches are nearest neighbor based clustering analysis (26) , expert systems (27) , artificial neural networks (ANN) (28, 29) , fuzzy logic classification (30) , decision trees (31, 32) , and support vector machines (33, 34) . The main differences between the two approaches are that the nonparametric methods make no assumption about the distribution of input data and they do not require the estimation of parameters from training data. A very few of the studies in the literature have tried MNL regression, but mainly for land cover classification on a larger geographical scale (35) .
Much less research effort is dedicated to the second level of classification, which is the classification of multiple discrete land use types on a fine parcel or tax lot scale. The major challenges come from the availability of remote sensing data with sufficient resolution and the heterogeneity of urban environment. Fine data are often acquired on demand and are expensive to get. In addition, spectral confusion is common among land use classes, particularly in complex and heterogeneous biophysical environments. Therefore, ancillary data are needed, in addition to spectral responses by remote sensing, to improve the classification performance. The existing studies use spatial metrics, topographic features, building elevations, and housing and population densities as the complement attributes (36) . Few of them pays attention on the transportation related attributes.
Data
The remote sensing data used in this study is the digital orthoimagery data collected for the City of Buffalo, New York. They were acquired in a raster format through a free download from the New York State GIS clearing house (37). The images have a high spatial resolution of 1 foot by 1 foot and include four spectral bands of blue, green, red, and near-infrared (NIR). They were mined to get spectral reflectance of each pixel in each color band. The pixel-based information was then processed by Definiens Professional 5.0 to generate spectral features for each parcel, as will be discussed in the following subsection. In addition to the remote sensing data, the parcel boundary information and the transportation network data were also obtained from the University at Buffalo Regional Institute (38) and from the National Highway Planning Network respectively (39) .
There are 14,860 parcels used for the model training and testing, located in the downtown Buffalo as shown in FIGURE 5. They represent seven land use types, including residential (49.6% of the parcels), vacant (35.83%), commercial (11.94%), recreation & entertainment (0.24%), community service (1.86%), industrial (0.23%), and public service land (0.20%) as classified and defined by the New York State Office of Real Property Services (40) . It needs to be noted that two other typical land use classes, namely agriculture, and wild, forested, conservation lands and public parks, are not available due to the urban setting of the study area.
Attributes
There are 91 attributes generated for each parcel, including the parcel shape properties, spectral features, transportation related variables, vegetation index, and neighborhood related attributes. Shape properties illustrate the shape and size of each parcel, such as the area size in pixel square, the depth of the parcel lot in feet, the aspect ratio of length to width, and the compactness denoting the ratio of the parcel polygon area to the area of a circle having the same perimeter. Spectral features represent the intensities of pixels in different color bands. Example attributes are the mean and standard deviation of the intensity value of pixels for each color band of red, green, blue or NIR, and the maximum difference among these intensity values, divided by brightness of image. The vegetation index denotes the vegetation coverage of a parcel. It is used because it proves to be a significant variable in separating lands with different vegetation coverage (41).
FIGURE 5 Study area in City of Buffalo, New York
The research introduced new variables that reveal the linkage between land use and transportation. They are distance based, such as the distance from a parcel to the nearest road or to the nearest intersection. Separate distance measures were created with respect to different types of roads such as primary highways, secondary roads, or local streets. The rationale behind differentiating them is that service lands, such as the ones accommodating commercial and industrial businesses, are very sensitive to travel time, and therefore tend to be closer to highspeed links.
Neighborhood related attributes are basically the mean values and standard deviations of the above mentioned shape, spectral, transportation and vegetation attributes for the neighborhood where a target parcel is centered. The neighborhood of a target parcel is defined as a circular area centered at the parcel with the radius of 150 feet. Any parcels that are within or intersect the circular area are considered as neighboring parcels of the target parcel.
Methodology
There has been a long history of using MNL models to deal with the multiclass problems with discrete outcomes in diverse disciplines such as econometric, psychology and engineering. MNL models are built for the situations in which the categorical class of an event or the discrete choice of a decision maker is affected by a set of observable attributes and the unknown factors. The alternative values for the class or choice response should be discrete and exclusive. They are assumed to be independent from and irrelevant to each other (IIA). To link the discrete response variable to the potential affecting factors, a score function is assigned to each alternative (i) for each event or subject (n). It is configured as a weighted linear combination of the observed attributes (X) plus a random error ( ) as shown in Equation (1) . Attributes X can be subject related or alternative specific. The coefficients ( ) denote the marginal effect of a variable on the score of a class. The random error ( ) in a score function captures missing information and estimation biases. They are assumed to be independently and identically distributed (IID) and follow a Gumbel distribution (42).
The scores are converted to class probabilities according to the following logic: the probability of being in class i ( ) is equal to the probability that class i returns the highest score. Given the assumptions of the IID and Gumble distribution for the error terms ( ), the probability is transformed to an exponential-based ratio form as shown in Equation (2).
Applicability of MNL to Land Use Classification
In comparison with ANN and decision tree methods that have gained wide popularity in land use classification, the MNL method has a much stronger theoretical basis and suffer less from the issue of local minima. The model estimation process and the resulting coefficients also provide an additional layer of information regarding the significance of variables, which is missing from the ANN and decision tree based analysis. The significance of a variable in discriminating land use classes can be sensed through the change of model performance after adding or deleting the variable. Moreover, the estimated coefficients also quantitatively reveal the marginal effects of the variables. An example is the ancillary variable of the distance to the nearest road. Given the coefficient of it estimated by a MNL model, we can easily tell how the probability for a parcel to be residential or industrial varies by its distance to the nearest roadway link. This result can provide additional implication regarding how the improvement of transportation infrastructure would affect the land use distribution patterns. These quantitative effects are not provided by ANN and decision tree based methods due to the nonparametric "nature" of them.
As it applies to any method, MNL models also have disadvantages. The main disadvantages that have been claimed in the previous applications are the reliance on the assumptions for random errors (e.g., IID) and for the correlations among discrete outcomes (e.g., IIA); and the required expertise in model training and model interpretation. Regarding the former, a variety of multinomial regression models, such as multinomial probit models and mixed logit models, have been offered to relax these assumptions. As for the latter, due to the fact that land use classification for transportation related applications is usually acquired at a relatively long temporal scale (e.g., every year or even longer), the burden of model training and model interpretation should be endurable.
Model Setting for the Study Case
The land use classification situation of particular interest is defined as below. Each parcel in the study area is defined as a subject whose seven alternative land use classes are residential, vacant, commercial, recreation & entertainment (R&E), community service, industrial, and public service. For each alternative land use class (denoted as alternative i) for each parcel (denoted as parcel n), its score function ( ) is built as a weighted linear combination of a set of affecting variables (X) plus a random error ( ) as shown in Equation (1) . Given the score values, the probability for parcel n to be in class i ( ) can be calculated by using Equation (2) . Here, as the typical MNL applications do, we assume the IIA for the seven classes, and the IID and the Gumbel distribution for the random errors. The commercially available econometric software, LIMDEP, is used for the model development.
One more note is regarding the "pivot" alternative. For our case, there is no alternative specific attribute that measures the hypothesis of how a residential parcel would look differently if it were used as industrial land instead. In other words, the 91 variables in the data are all parcel-related, and none varies across alternative classes for a parcel. In this special case, an alternative land class has to be chosen as the "pivot" or the base with which other alternatives can be compared. For our study case, the residential land use is selected as the "pivot" alternative because it is one major land use class from which other classes should be discriminated. Therefore, the score function of the residential class only has a constant.
The modeling process involves the two steps of model training and model testing. A half of the 14,860 parcels in the study area are used for the model training as discussed above. The remaining half is used for model validation to verify the prediction performance of the model. The detailed modeling process and model performance are discussed in the following sections.
Modeling Results
Due to the multiple land use classes involved and the large inventory of 91 attributes, many MNL models have been tested by using LIMDEP. The adjusted McFadden R-squared value is used as an indicator of the overall goodness of fit of a model, in addition to the criteria of statistical significance and conceptual validity for the estimated coefficients. The adjusted Rsquared value is between 0 and 1 conceptually although most of good models in the transportation literature have the values ranging from 0.1 to 0.5 depending on the sample size and the modeling situations.
The issues of multicollinearity and overfitting were addressed during the modeling process. A pre-diagnosis on the correlation matrix of the 91 variables was performed to prevent the inclusion of highly correlated variables in the models. In addition, variables that contribute little to the improvement of the adjusted McFadden R-squared are eliminated so that less information is needed for model application.
The best model that meets all the above-mentioned criteria and returns the best goodness of fit is shown in TABLE 4. The very high value of the adjusted McFadden R-squared (0.48888) indicates the great overall goodness of fit of the model. Fifteen variables are found statistically significant in discriminating the seven land use classes. Each estimated coefficient, in terms of magnitude and sign, indicates how much the score or likelihood of the corresponding land use class will be changed with respect to one unit increase of the corresponding variable and whether the change is positive or negative.
Four parcel shape properties are identified as the contributing factors to land use classification, including the area size, depth, aspect index, and compactness ratio of a parcel. The area size is positively and identically related to the last six land use classes, indicating that the increase of area size will identically increase the likelihood for a parcel to be any land use class except residential. As for the depth of a parcel, the effects of it vary by class. The negative sign of the coefficient associated with vacant land implies that the increase in depth will diminish the likelihood for a parcel to be vacant. In contrast, it has the opposite effects on the likelihood of being commercial, recreational & entertainment, or community service land, implying that a parcel expanding more along the depth dimension is more likely to be in one of the three classes. The third variable, the aspect index (denoting the length to width ratio of a parcel) and its coefficients show some interesting findings. As the signs tell, a parcel with a narrower width in comparison with its length is more likely to be vacant land. A low aspect index value, on the opposite, will lower the likelihood for a parcel to be other classes, particularly industrial land. The last significant shape property is the compactness ratio. It is only included in the score functions of vacant and industrial. The two negative coefficients indicate that compact parcels are less likely to be the two classes.
These findings imply distinctive shape patterns exhibited by different land use classes. All the land use classes, except residential, are in favor of large parcels. Vacant land tends to have a "squeezed" rectangular shape that is short on the width edge but long on the length edge.
In contrast, commercial, R&E, and community service land tend to expand on the depth dimension and are more likely to be in the parcels with the lower length to width ratio. In terms of the compactness, vacant and industrial land, particularly the latter, tend to be the least compact among the seven classes. These resulting shape related patterns are consistent with the functionality of these land use classes.
The second category of significant variables is the spectral attributes that represent the spatial distribution patterns of spectral pixels in different color bands within a parcel. According to the coefficients, the higher the intensity value in blue band, the more likely a parcel to be vacant, commercial, industrial, or public service land. In contrast, a parcel with a higher intensity value of NIR band is less likely to be any of the four land types, except public service. Instead, it is more likely to be in the remaining two classes of R&E and community service. The standard deviation of the NIR band intensity value has the consistent negative impact on the likelihood of being vacant, commercial, and industrial land. As for the maximum difference among the intensity values of different color bands, the increase of its value will increase the probability for being vacant, commercial or public service land. These findings, in summary, indicate the unique spectral characteristics associated with different land use classes.
There are two significant distance-based transportation measures. They are generated by ArcGIS based on the shapefiles of parcel boundaries and transportation networks. The negative coefficients of the distance to the nearest primary or secondary road in the score functions, except for residential and community service, indicate that the farther a parcel is from the fastspeed roads, the less likely it would be vacant, commercial, R&E, industrial, or public service land. The distance to the nearest intersection has negative impact on the likelihoods of being vacant, commercial and community service, but a positive impact on the likelihood of being R&E. These relations indicate the higher sensitivity of these non-residential land classes to transportation accessibility in general. The distinct land class is R&E. On one hand, R&E parcels tend to be close to primary or secondary roads to take advantage of the fast transportation service. On the other hand, they also tend to be away from the locations nearby the intersections to avoid noise and traffic congestion.
The percent of vegetation within a parcel is only located in the score function of vacant land. The negative coefficient tells that vacant parcels tend to have less vegetation coverage in comparison with other land use classes.
The last category of significant variables are neighborhood related attributes, representing how compactness values, intensities of pixels in blue band and NIR band, and the vegetation percents vary among the neighboring parcels covered by a circle of 150 feet radius centered at the target parcel. Distinct patterns are revealed for vacant and commercial land. Vacant and commercial parcels are more likely to be in the neighborhoods with larger variations in compactness or pixel intensities in blue or NIR band. This implies the mixed environment where the two land use classes tend to be located. In summary, the best MNL model we found in 
Model Prediction Performance
The remaining half of the parcels in the study area is used for model testing. The prediction process consists of score calculation, followed by probability estimation. Given the score functions in TABLE 4 and the values of affecting factors provided in the testing data, the score with respect to each class is calculated for each parcel. The scores are then converted to probabilities by using Equation (2) . The class that returns the highest probability is the estimate.
A confusion matrix was generated from the test results to allow a visual inspection on the model performance (see TABLE 5 ). The rows represent the actual land use classes while the columns denote the predicted classes. The cells contain the counts in each category. As can be seen in, the MNL model did excellent job in discriminating residential land, which is the dominant land class that accounts for 62.1% of the parcels in the testing data. The prediction accuracy is very high as 94.5%. The prediction accuracy for vacant parcels is also satisfactorily high (79.82%). In contrast, the prediction performance is disappointing for commercial, community service and other land classes that have very low shares of parcels. As demonstrated by the testing area (FIGURE 6), commercial and community service parcels are often wrongly predicted as residential or vacant. So are the public service lands. The unsatisfactory prediction performance for the minority land use classes could be due to the following reasons. First, a lot of commercial and community service establishments in the City of Buffalo are located in house-like properties that are mixed with residential properties. The similarity in appearance, building materials and roof textures make it very difficult to discriminate them based on spectral features. The same confusion has been claimed in other studies (36) . The second reason is that the five classes are so highly underrepresented that insufficient distinct patterns could be captured to discriminate them.
FIGURE 6 Actual land use classes versus predicted classes
CONCLUSIONS AND FUTURE WORK
The research developed a GIS-based performance measurement system to assess the sustainability and livability in transportation, using the City of Buffalo, New York as the case study. Twenty PMs were generated to assess the transportation, land use, living conditions, and congestion level. These PMs were examined and interpreted in the economic, environmental and social context. Several issues were identified, including the insufficient and incomplete bike lanes, high dependency on autos, single-land-use dominated neighborhoods, spatial separation of low-income and high-income houses, and so on. Policy implications were also derived, such as the improvement plan on the bike lane network and the revitalization of the central area to take advantage of the resources and strength of the existing neighborhoods. The challenges and opportunities encountered during the PM system development were also discussed.
In addition, this research also explores the applicability of remote sensing in supporting land use prediction and updating. Transportation related attributes, such as the distance to the nearest road or intersection, were introduced as the complement variables to improve the land use classification model prediction performance. The best MNL model achieves an average prediction accuracy of 83.7% for the seven classes of land for the case study in City of Buffalo, New York. It works particularly well for the dominant land use classes such as residential and vacant. For the two classes, the prediction accuracy can be as high as 94.5% and 79.82% respectively, which is very impressive given the facts that the classification was performed at the finest parcel level; and that most of attributes used are spectral features mined from remote sensing image data. The low performance for other land use classes was also perceived mainly because of the low sample rates of them and the similarity in spectral features with residential lands.
